The prototypic arenavirus lymphocytic choriomeningitis virus (LCMV) is one of the most widely used model systems to study virus-host interactions, such as viral persistence and associated disease (8, 39) . The LCMV genome is composed of two negative-sense single-stranded RNA segments, called S (3.2 kb) and L (7.2 kb) (46, 49) . Both segments use an ambisense coding strategy to direct synthesis of two proteins from two open reading frames with opposite orientation and separated by an intergenic region (IGR) (2, 3, 60) . The S RNA encodes the nucleoprotein NP (ca. 63 kDa) and the glycoprotein precursor GP-C (75 kDa). GP-C is posttranslationally cleaved to yield the mature glycoproteins GP-1 (40 to 46 kDa) and GP-2 (35 kDa) (45, 54, 62) . Tetramers of GP-1 and GP-2 form the spikes on the virion envelope and mediate virus interaction with the cellular receptor (9, 11) . The L RNA encodes the virus RNA-dependent RNA polymerase (RdRp) (L, ca. 200 kDa) (21, 30, 51 ) and a small (11-kDa) RING finger protein (Z) (49) . NP and L are associated with the viral RNA to form ribonucleoprotein (RNP) complexes, which are active in transcription and replication (14, 22) . As with other negative-strand RNA viruses, this RNP is the minimal infectious unit.
All cis-acting sequences needed for initiation of RNA synthesis by the polymerases of negative-strand RNA viruses seem to be located within the 3Ј-terminal untranslated regions (UTR) of genome and antigenome RNA species (13) . Negative-strand RNA viruses also exhibit complementarity between the 5Ј and 3Ј ends of their genomes and antigenomes. This terminal complementarity may reflect the presence at the 5Ј ends of cis-acting signal sequences that provide a nucleation site for RNA encapsidation, required to generate the nucleocapsid templates recognized by the virus polymerase. Terminal complementarity may also be a consequence of strong similarities between the genome and antigenome promoters used by the virus polymerases.
Arenaviruses exhibit a high degree of sequence conservation at the 3Ј end of the L and S RNA segments (17 out of 19 nucleotides [nt] are identical). It has been proposed that this conserved terminal sequence element constitutes the virus promoter for polymerase entry. The almost exact inverted complement of the 3Ј-end 19 nt is found at the 5Ј termini of genomes and antigenomes of arenaviruses. Thus, the 5Ј and 3Ј ends of both L and S genome segments are predicted to form panhandle structures (49) . This prediction is supported by electron microscopy data showing the existence of circular RNPs within arenavirus virion particles (65) . An additional nontemplated G residue has been detected on the 5Ј end of the arenavirus genomic S RNAs (10, 26, 42) . As with other RdRp, the LCMV polymerase carries on two different processes, transcription and replication. In its transcriptional mode the LCMV polymerase produces subgenomic mRNAs terminating at the IGR (53) . In contrast, during replication the polymerase reads through the transcription termination signal provided by the IGR and generates uncapped full-length antigenomic and genomic RNA species. These RNAs are encapsidated by the NP and serve as templates for further mRNA transcription and for production of virus progeny. Both processes are thought to be initiated by binding of the virus polymerase to the promoter at the 3Ј end of the genomic and antigenomic templates.
We have developed a reverse genetic system that recreates intracellularly the biosynthetic steps of LCMV replication and transcription (30) . Here we describe studies aimed at the molecular characterization of the LCMV genomic virus promoter. We carried out a mutational analysis of the 3Ј-and 5Ј-terminal sequences of a minigenome (MG) of the S segment of strain ARM of LCMV (ARM/S-MG). We present evidence that both transcription and replication by the LCMV polymerase requires a promoter region located within the first 19 nt of the 3Ј end of the virus genome. In addition, our results indicate that the first 19 nt of the genome 5Ј end contributing to the predicted panhandle are also strictly required for promoter activity. These findings suggest that both sequence specificity and integrity of the predicted panhandle structure formed between the 3Ј and the 5Ј termini are required for the activity of the LCMV genomic promoter.
MATERIALS AND METHODS

Cells and viruses.
Baby hamster kidney BHK-21 cells (ATCC CCL 10) were maintained in high-glucose Dulbecco's modified Eagle medium (DMEM) supplemented with 10% heat-inactivated fetal calf serum (Life Technologies), 2 mM glutamine, 1ϫ tryptose phosphate broth (Life Technologies), 1 mM sodium pyruvate (Life Technologies), and 0.5% glucose. VTF7-3 was kindly provided by B. Moss (National Institutes of Health, Bethesda, Md.) (20) .
Plasmids. Plasmid pLCMVSCAT2 (renamed MG#3 in this work) has been described previously (30) . To construct MG#6, the LCMV-specific 3Ј hairpin ribozyme (HR) was replaced by the hepatitis delta ribozyme (HDR). The HDR sequence was amplified by PCR from plasmid pSA1-2 (41) by using primers OHDRRBss (TTGGCGCGCCTCCCTTAGCCATCCGAGTGGACG) and OLCMVHDRF (CTAGGATCCACTGTGCCGGGTCGGCATGGCATCTCC ACCTCC). Restriction sites are underlined, and mutated positions appears in bold. The PCR product was digested with BamHI and BssHII and was cloned in pLCMVSCAT2 digested with BamHI and BssHII. Digestion with these enzymes removed the HR sequence from the plasmid. The mutation of the 3Ј G to C was introduced by using the Site-Directed Mutagenesis kit (Stratagene) following the recommendations of the manufacturer. The same system was used to generate all the mutants reported in this article. Sequences of the primers used for each individual mutagenesis are available upon request. Mutations were verified by DNA sequencing with an AbiPrism automatic sequencer.
DNA transfections. BHK-21 cells (10 6 ) growing in 35-mm-diameter wells were infected with vTF7-3 at a multiplicity of infection (MOI) of 3 PFU/cell. Cells were transfected by using Lipofectamine (Life Technologies) with plasmids encoding NP (pCITE-NP, 1.5 g), L (pGEM-L, 0.1 g) (30) , and the different model genomes (0.5 g). Control transfections lacking L or all support plasmids received empty pUC19 plasmid so that the total amount of DNA transfected in each well was kept constant. 1-␤-D arabinofuranosylcytosine (AraC) was added to a final concentration of 50 g/ml to inhibit the late phase of vaccinia virus expression. All plasmid DNA was prepared by using Qiagen technology.
CAT assays. Twenty four hours after transfection, cells were washed once with ice-cold phosphate-buffered saline and lysed in 250 mM Tris-HCl (pH 7.5) by three cycles of freezing and thawing. Cell lysates were clarified by centrifugation, and protein concentration was estimated by using the Protein Assay kit (BioRad). For the chloramphenicol acetyltransferase (CAT) assay, 2 g of protein was diluted in 0.5 M Tris-HCl (pH 7.5) containing 1 mM acetyl coenzyme A (Boehringer Mannheim Biochemicals) and mixed with 0.25 Ci of [
14 C]chloramphenicol (Amersham). Samples were incubated for 30 min at 37°C, and the products of the reaction were analyzed on a thin-layer chromatography (TLC) developed with chloroform-methanol (19:1) .
Analysis of RNA by Northern blot hybridization. RNA was isolated from transfected cells by using TriReagent (Molecular Research Center) according to the manufacturer's instructions and was analyzed by Northern blot by using either CAT sense or antisense strand-specific riboprobes. CAT RNA riboprobes were prepared by runoff transcription of plasmids pCRII-CAT with T7 RNA polymerase (T7RP) in the presence of [ 32 P]UTP. RNA was separated on 1.6% agarose gels containing 2.2 M formaldehyde and was transferred to nylon membranes (Schleicher & Schuell). Blots were hybridized with 32 P-labeled riboprobes in Zip hybridization solution (Ambion), yeast tRNA (100 g/ml), and singlestranded DNA (100 g/ml) at 65°C overnight. Filters were washed at 68°C two times for 15 min each in 2ϫ SSC (1 ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-0.2% sodium dodecyl sulfate and twice again in 0.2ϫ SSC-0.2% sodium dodecyl sulfate. Bands were visualized by autoradiography. Quantitation was done on a Molecular Dynamics PhosphorImager.
Isolation and analysis of encapsidated RNA. Cytosolic extracts from transfected cells were prepared by incubating them on ice for 15 min in hypotonic buffer (10 mM Tris-HCl, pH 7.5; 1.5 mM MgCl 2 ; 10 mM KCl; 5 mM dithiothreitol; 0.5% NP-40; 500 U of RNAsin/ml). Lysates were then clarified and adjusted to a final concentration of 0.5 M NaCl. To disrupt polysomes, EDTA was added to a concentration of 10 mM and extracts were incubated for a further 30 min at 0°C. Extracts were loaded onto a 5.7 and 0.5 M discontinuous CsCl 2 gradient. After 3 h of centrifugation, the RNP containing interphase was collected and recentrifuged to collect the RNP (14) . RNA was extracted from RNP by using TriReagent.
RESULTS
Effect of replacing the 3-terminal nucleotide (G) with a C on promoter activity. We sought to define the cis-acting sequences that constitute the minimal LCMV genome promoter located at the 3Ј end of the LCMV S genomic RNA (48) . For this purpose we used the LCMV MG system previously described (30) . In the original LCMV MG, called LCMV MG#3 in this paper, generation of the authentic viral 3Ј end was mediated by an LCMV-specific HR inserted downstream to the 3Ј-end UTR of the S MG RNA and was followed by T7 terminator sequences (T7T) (Fig. 1A) . Transfection with plasmid pLCMVSCAT2 carrying LCMV MG#3 allows for T7RP-mediated intracellular synthesis of an RNA that will be subsequently processed by the HR. This processed RNA (LCMV MG#3) will serve as a template for transcription and replication mediated by the LCMV polymerase. The use of plasmid pLCMVSCAT2 to generate deletion mutants within the 3Ј end of LCMV MG#3 would have required adapting the HR sequence to the 3Ј-end sequence of each new construct. To overcome this problem, we replaced the HR by the sequence of the HDR. The autolytic activity of the HDR is usually not influenced by sequences upstream of the cleavage site. However, it has been reported that its efficiency follows the pattern C Ͼ U Ͼ A Ͼ G, with respect to the nucleotide located immediately 5Ј to the site of cleavage (41) . The last nucleotide of the 3Ј end of LCMV S RNA is a G (position 3376 in the S RNA) (1, 48) , and we observed that less than 1% of the intracellularly synthesized MG RNA was autolytically processed by the activity of the HDR (30) . We therefore decided to mutate this last nucleotide residue from G to C to generate plasmid LCMV MG#6 (Fig. 1A) . We expected this change to dramatically enhance the processing by the autolytic activity of the HDR of the intracellularly produced MG#6 RNA. We tested whether plasmid-supplied MG#6 RNA was efficiently used as template by the virus polymerase. For this, BHK-21 cells were infected with vFT7-3 at an MOI of 3 PFU/cell and were cotransfected with plasmids carrying MG#6 and the trans-acting factors NP and L. Twenty-four hours after transfection, cell extracts were prepared and analyzed for CAT activity (Fig. 1B) . Unexpectedly, we did not detect CAT activity in cells transfected with LCMV MG#6 together with NP lular synthesis of MG#6 RNA, or an inefficient processing of this MG#6 RNA by the HDR, or both, could account for the observed lack of CAT activity. To address this question, we analyzed by Northern blot hybridization RNA isolated from BHK-21 cells infected with vFT7-3 and transfected with the indicated model genome (Fig. 1C ). Hybridization with a CAT sense riboprobe detected two main RNA species with approximate sizes of 1,237 nt (unprocessed RNA) and 1,021 nt (self cleaved). We observed similar levels of T7RP-mediated intracellular primary transcription for the three LCMV MG tested (Fig. 1C) . Moreover, the efficiency of RNA processing mediated by HDR was similar to that seen with the LCMV-specific HR. Thus, the amounts of MG#3 and MG#6 processed RNA species were very similar (compare lanes 2 and 3 in Fig. 1C) .
We next examined to what extent MG#7 RNA could be amplified by the LCMV polymerase. For this, BHK-21 cells infected with vTF7-3 were transfected with plasmid LCMV MG#7 alone or in combination with each of the supporting plasmids NP or L or both. Total RNA was prepared 24 h after transfection, and equal amounts were analyzed by Northern blot by using a positive-sense CAT riboprobe. In the absence of trans-acting factors, levels of MG#7 RNA detected corresponded to those resulting from the cleavage by the HDR of the T7RP-derived transcript (Fig. 1D, lane 2) . In the absence of polymerase, no amplification was detected. Unexpectedly, some amplification was observed when L, but not NP, was present (Fig. 1D, lane 4) . This result probably reflects a low level of unspecific encapsidation of the MG RNA by proteins produced as a result of the infection with vTF7-3. This encapsidated RNA would then be a suitable substrate for transcription and replication driven by the L polymerase. In the presence of both supporting plasmids, the amount of MG increased only by 50% (Fig. 1D, lane 5 , and E). These data indicated that under the experimental conditions used in this study LCMV MG#7 could most likely undergo one round of replication.
Effects of 3-terminal deletions on genome promoter activity. All arenaviruses examined to date show a high degree of sequence conservation at the 3Ј termini of the L and S RNAs (17 of the first 19 nt are identical between the L and S RNAs), and the inverted complement of this sequence is located at the 5Ј termini of the genomic RNAs (1). Twenty-one (L segment) or 20 (S segment) out of the first 23 nt of the 3Ј and 5Ј ends are complementary. Therefore, we hypothesized that these conserved 3Ј-terminal sequences contain the cis-acting signals that constitute the LCMV genome promoter. To test this hypothesis, we generated a collection of deletion mutants lacking increasing sequences of the 3Ј end of MG#7 RNA (Fig. 2A) . The effects of these mutations on transcription and replication mediated by the LCMV polymerase were determined by using the MG system. For all the deletion mutants we kept the G residue present at the end of the 3Ј terminus of the S RNA. This was done on the basis of our finding that a change of G to C resulted in complete abrogation of CAT activity mediated by LCMV MG#6 (Fig. 1B) .
BHK-21 cells infected with vTF7-3 were transfected with the indicated MG, L, and NP. L was omitted in duplicated samples as a negative control for RNA synthesis. Cell extracts were prepared 24 h after transfection, and the amount of protein was quantified. To obtain levels of CAT activity within the linear range (Ͻ30% conversion), 2 g of total protein was used in a CAT reaction mixture that was incubated for 30 min a 37°C. MGs lacking the first 5, 10, or 18 3Ј-terminal nt were not competent in transcription on the basis of the lack of detectable levels of CAT activity (Fig. 2B) . Likewise, mutants with 2B, lanes 9 to 12) . The deletion of only 1 nt (3Ј⌬1) in the 3Ј end of LCMV S RNA was sufficient to completely abolish CAT expression by the LCMV MG (Fig. 2B, lane 16) . When the last 23 nt of the 3Ј end were kept and the next 10 nt were deleted (3Ј23⌬10), the levels of CAT activity obtained were comparable to those of LCMV MG#7 (Fig. 2B, lane 14) . These results indicated that in the S RNA the first 23 3Ј-terminal nucleotides contain the minimal LCMV genome promoter.
Contribution of the predicted panhandle structure to promoter activity. Studies on the influenza A virus promoter have provided strong evidence about the contribution of both 3Ј and 5Ј termini on initiation of transcription and replication. This process involves regions of single-and double-stranded RNA, and a RNA-fork model has been proposed for the initiation of transcription in influenza A (4, 16-19, 27, 38, 63) . In contrast, a hook-like model has been proposed for Thogoto virus (29, 57) . In LCMV, both the S and L RNA segments exhibit terminal complementarity resulting in a predicted panhandle structure between the respective 3Ј and 5Ј ends. However, there is no information about the contribution of the panhandle structure to the LCMV genome promoter activity. For this reason we examined the effects of 5Ј-terminal deletions on RNA synthesis. Mutants were generated (Fig. 3A) that lacked the first 5 nt of the 5Ј-terminal sequence (5Ј⌬5), that lacked nt 6 to 10 (5Ј5⌬5), or that contained the first 23 nt but lacked the following 10 nt (5Ј23⌬10). When these mutant MGs were tested for promoter activity, CAT activity was detected only when the first 23 nt of the 5Ј end were retained (Fig. 3B) .
For the negative-stranded RNA viruses, the encapsidation signal(s) is presumed to reside at the 5Ј terminus of the RNA (28) . Therefore, the lack of CAT activity observed with mutant MGs 5Ј⌬5 and 5Ј5⌬5 could reflect a disruption in a putative encapsidation signal located within or in the proximity of the deleted nucleotides. To address this issue we generated a mutant MG that lacked the first 19 nt of the 5Ј end (MG 5Ј⌬19). As expected, this construct did not produce detectable levels of CAT activity when tested in the minigenome assay in the presence of NP and L (data not shown). We then assessed the ability of MG 5Ј⌬19 to be encapsidated by the viral nucleoprotein. For this, BHK-21 cells were cotransfected with MG 5Ј⌬19 and a plasmid that expresses the T7RP under the control of a Pol II promoter (pCAGGs-T7pol). Transcription-supporting plasmids pCITE-NP and pGEM-L were included in or excluded from the transfection mix as indicated (Fig. 3C) . Cytoplasmic extracts were prepared 24 h after transfection. Encapsidated RNA was isolated as described in Materials and Methods. Encapsidated RNA (Fig. 3C ) was analyzed by Northern blot by using a CAT sense riboprobe. The introduction of an extra C residue at the 3Ј end of LCMV MG#7 did not affect the encapsidation of the plasmid-encoded minigenome (Fig.  3C, lane 2) . Transcription of plasmid MG 5Ј⌬19 by T7RP consistently resulted in levels of MG 5Ј⌬19 RNA that were significantly lower than those of MG#7, and therefore levels of encapsidated 5Ј⌬19 MG appeared to be significantly lower than those of MG#7. However, when normalized for their corresponding levels of intracellular synthesis (compare lanes 2 and 9 of Fig. 6A ), both MG RNA species were encapsidated with similar efficiency in the presence of NP and L (Fig. 3C,  lanes 2 and 4) .
To characterize further the cis-acting sequences involved in RNA synthesis, we generated two new mutant MGs. These MG RNAs retained the first 19 nt of the 3Ј or 5Ј termini and lacked the following 4 nt that are largely conserved between LCMV L and S RNA segments. These mutants were named 3Ј19⌬4 and 5Ј19⌬4, respectively (Fig. 4A) . Both mutant MGs promoted levels of CAT activity similar to those seen with wild-type MG#7 (Fig. 4B) . Likewise, to further examine the role of complementarity in LCMV promoter activity we generated additional MG mutants. We mutated the 3Ј-terminal sequence at positions 11 and 13. The change of the T residue at position 11 to an A residue and of the G residue at position 13 to a C (3ЈT11AG13C) modified the linear sequence of the virus promoter and at the same time prevented the formation of two of the base pairings (Fig. 5A) between the 3Ј and the 5Ј termini of the S RNA. In mutant 5ЈA11TC13G two positions were mutated in the 5Ј-terminal sequence, abrogating the formation of two base pairs without affecting the putative 3Ј promoter sequence. Both mutants failed to express CAT, as measured by the CAT assay shown in Fig. 5B (lanes 1 and 3) . In this particular experiment, the amount of protein used for the CAT reaction mixture was increased from 2 to 100 g in an attempt to detect any residual activity the promoter might have retained.
We considered that if initiation of transcription was mainly related to panhandle formation, then 3ЈT11AG13C mutant promoter activity could be rescued by introducing the appropriate compensatory mutations within the 5Ј end to restore the structure of the panhandle. With this aim we constructed mutant 3Ј5ЈT11AG13C/A11TC13G in which all four positions were mutated and therefore base pairing was reestablished, yet the sequences of the 3Ј genomic and 5Ј antigenomic promoters were altered. In contrast with the findings reported for influenza A virus (18) , restoring the structure of the panhandle did not recover the activity of the LCMV promoter (Fig. 5B) . The estimated free energy of the maximally stable double-stranded structures formed between the 3Ј-and 5Ј-terminal sequences were very similar for the wild-type and mutated 3Ј5ЈT11AG13C/ A11TC13G MG RNAs and would be very unlikely to account for the lack of promoter activity.
These results prove that the 5Ј end of the viral RNA plays a substantial role as part of the viral promoter and that both sequence and structure of the 3Ј-and 5Ј-terminal regions are important for transcription initiation.
Analysis of RNA expression of LCMV MGs with mutated promoters. Low levels of T7RP-mediated intracellular transcription of MG RNA or inefficient processing of the MG RNA by the HDR could have contributed to undetectable levels of CAT activity derived from some of the mutant MGs. This, in turn, would have important consequences for the interpretation of the experiments aimed at defining the minimal LCMV genome promoter. To address this issue we isolated RNA from BHK-21 cells infected with vFT7-3 and transfected with the indicated MG mutants. Equal amounts of each RNA were analyzed by Northern blot hybridization by using a CAT sense riboprobe (Fig. 6A) . Levels of T7RP-mediated transcription were similar for most mutant MGs compared to that of MG#7. The reduced amount of both unprocessed and processed RNA, shown in lane 3 of Fig. 6 for MG 3Ј23⌬10, corresponded to a difference in the amount of RNA sample loaded and not to a real decrease in RNA synthesis and was not observed in repeats of the same experiment. The only mutant MG that consistently expressed very low levels of RNA was 5Ј⌬19. It is possible that the new sequence downstream of the T7 promoter affected efficient synthesis by T7RP, as has been described for Rous sarcoma virus (RSV) genome analogs (40) . In all the cases, a similar percentage of the unprocessed RNA was cleaved by the HDR to render the processed MG RNA (Fig. 6B) .
We also examined levels of RNA species corresponding to replication and transcription by the virus polymerase of mutant MGs. For this, vTF7-3-infected BHK-21 cells were transfected with the indicated mutant MG constructs together with plasmids encoding NP and L. RNA was isolated 24 h after transfection and was analyzed by Northern blot hybridization by using a CAT antisense riboprobe. Two species of RNA were detected, the bigger one corresponding to the product of MG replication and the smaller one corresponding to the CAT mRNA (Fig. 6C) . Only those MGs that were competent in replication were able to serve as template for the transcription of CAT mRNA. Only mutant MGs that displayed detectable levels of CAT activity supported levels of replication and transcription mediated by the viral polymerases that were detectable by Northern blot hybridization.
DISCUSSION
The observation of a high degree of sequence conservation among the 3Ј termini of arenavirus genomes and terminal complementarity between the 3Ј and 5Ј ends of genome and antigenome RNA species led to the proposal that these sequences likely play key roles in the regulation of RNA synthe- sis by the virus polymerase (6). However, the inability to genetically manipulate the arenavirus genomes has prevented testing this hypothesis experimentally. The development of a reverse genetic system for the prototypic arenavirus LCMV (30) has provided us with a new powerful tool to examine this question. By using an MG rescue assay based on the S segment of LCMV (ARM strain) we have obtained evidence that the conserved 3Ј-terminal 19 nt of the S RNA contain the core of the LCMV genome promoter. Minimal disruption of the terminal complementarity between the 3Ј and 5Ј ends of the LCMV MG abolished RNA synthesis by the virus polymerase. This finding suggests that the predicted panhandle structure formed between the 3Ј and 5Ј ends of the viral genome is required for efficient RNA synthesis mediated by the LCMV polymerase. Furthermore, the LCMV promoter appears to be exquisitely sensitive to minor sequence alterations. Thus, all nucleotide substitutions we have so far introduced within the MG 3Ј-terminal 19 nt resulted in abrogation of promoter activity, as determined by the lack of detectable CAT activity and synthesis of both CAT mRNA and anti-genome RNA species. Deletion of a single nucleotide (3Ј⌬1) within the 3Ј-terminal 19 nt of LCMV MG S RNA resulted in undetectable levels of CAT expression (Fig. 2B, lane 16) . In contrast, for several other negative-strand RNA viruses it has been possible to introduce changes within the minimal viral genome promoter without abrogating its activity. For example, deletion of the 3Ј-terminal first 3 nt of the genome promoter of RSV had no effect on promoter activity (12) , whereas the influenza A genome promoter lacking the first 3Ј-end nucleotide retained about 60% of wild-type promoter activity (32) . Moreover, the 3Ј-terminal first two nucleotides of the S RNA of the phlebovirus Rift Valley Fever (RVF) were not required for the transcriptional activity of the RVF S genome promoter (43) . Our data do not allow us to rule out that deletions or substitutions of more than one nucleotide at a time are not permitted in the case of the LCMV promoter. In our study, most of the deletions removed a minimum of 5 nt, whereas mutants generated by site-directed mutagenesis involved two different nucleotide residues at the same time. To address this question, a more detailed analysis of the promoter sequence would be required, including saturation mutagenesis of each nucleotide position that conforms to the core LCMV genome promoter. All mutant MGs we examined, with the exception of 5Ј⌬19, were efficiently transcribed by the T7RP, and the efficiency of HDR-mediated processing was similar for all T7RP-derived primary transcripts. Therefore, the lack of CAT activity observed for some of the mutants cannot be explained by a reduction in the amount of RNA template available to the LCMV polymerase. The low levels of T7RP-driven transcription observed with mutant 5Ј⌬19 could be explained if the sequence at the 5Ј end of 5Ј⌬19 MG, located immediately after the T7RP promoter, is unfavorable for T7RP transcription. Peeples and Collins have reported that the magnitude of T7RP transcription in transfected cells is sensitive to substitutions in the region adjoining the T7RP promoter located beyond the three G residues that are required for maximal promoter activity (40) .
Signals involved in encapsidation of the genomic and antigenomic RNAs of nonsegmented negative-stranded RNA virus are thought to be located near the 5Ј end of each RNA (28) . There is evidence supporting this hypothesis for rabies virus (64) and vesicular stomatitis virus (VSV) (7, 37, 52) but not for RSV (40) . Moreover, mutant mini-antigenomes of VSV containing 6-nt deletions spanning the 5Ј-terminal 47-nt region were encapsidated with efficiency similar to that of the wild-type mini-antigenome (31) . Recently, a 5Ј encapsidation signal has also been described for the S segment of the tripartite, negative-stranded Hantaan viruses (50) . In our case, deletion of the 5Ј-terminal 19 nt did not appear to significantly affect the encapsidation of the LCMV MG RNA synthesized intracellularly by the T7RP. Nevertheless, a more detailed analysis of the 5Ј-terminal sequence of LCMV genome RNAs will be required before ruling out the presence of an encapsidation signal within the 5Ј end. The differences observed in the amounts of encapsidated 5Ј⌬19 and MG#7 RNAs (Fig. 3C ) correlated with the substantial reduction in the amount of 5Ј⌬19 primary transcript synthesized intracellularly by the T7RP (Fig. 6A) .
As with other minireplicon systems described for negativestrand RNA viruses, only a very small percentage of the LCMV MG RNA synthesized by the T7RP was encapsidated, becoming a suitable template for L-driven replication and transcription. We observed only a minor increase (less than twofold) in the amount of correctly sized MG#7 RNA produced in the presence versus absence of the trans-acting factors NP and L (Fig. 1D, compare lanes 2 and 5) . This result likely reflects the low amount of MG#7 RNA synthesized de novo by the LCMV polymerase. Encapsidation of only a very small fraction of the MG#7 RNA synthesized intracellularly by T7RP, together with high stability of unencapsidated MG RNA, could also contribute to mask the amplification of MG#7 RNA by the LCMV polymerase. However, a plasmid encoding an MG identical to MG#7 but lacking two of the three G residues at the end of the core T7RP promoter sequence produced very low intracellular levels of T7RP-derived MG RNA, but it was amplified very efficiently (about 50-fold) by the LCMV polymerase (data not shown). Therefore, we favor the explanation that under the experimental conditions used in this study LCMV MG#7 appears to be restricted mostly to the synthesis of positive-sense RNAs (anti-MG RNA and CAT mRNA) and produces very little progeny MG RNA. The 5Ј end of arenavirus genomic S RNA segments appears to have one nontemplated G residue (24, 44) . The presence of one nontemplated G nucleotide at the 5Ј end of the genomic S RNA segment has been reported for LCMV (34) , Tacaribe virus (23, 44) , Pichinde virus (2, 42) , and Lassa fever virus (3) but not for LCMV strain WE (46, 47) . It is possible that the presence of two additional nonvirally coded G residues at the 5Ј end of the MG#7 would result in mini-antigenome RNA species with a 3Ј end that is not recognized by the virus polymerase as efficiently as the original wild-type 3Ј-end sequence. It is also worth mentioning that although CAT assays have a high sensitivity, levels of MG replication below the sensitivity of our Northern blot assay might occur but go undetected. The MG used in this study contains the 3Ј-and 5Ј-terminal sequences of the S segment of strain ARM of LCMV. Nevertheless, the high degree of sequence conservation observed between the 3Ј end of the S and the L segments likely reflects a conservation of the promoter sequences, and thereby the conclusions of this study are likely extrapolative to the transcription and replication of the L segment. The 3Ј-terminal nucleotide sequence of the LCMV ARM L RNA differs from the S RNA nucleotide sequence by four base substitutions (positions 6, 8, 9, and 17) (1). It is plausible that these positions, together with the mismatches in the base pairing of the inverted terminal repeats, represent regulatory elements that modulate the activity of each S and L genomic promoters.
A prime-and-realign mechanism has been proposed for the initiation of arenavirus RNA replication (23, 24) . This model accounts for the presence of a nontemplated G at the 5Ј ends of the arenavirus genomic and antigenomic RNAs. This model assumes that arenavirus polymerases, like many other viral RdRps, can initiate RNA synthesis de novo only with ATP or GTP (5). Therefore, arenavirus RNA initiation is thought to take place from an internal (ϩ2) templated cytidilate. Once the first phosphodiester bond has been formed, the pppGpC will slip backwards on the template and realign, creating a nascent chain whose 5Ј end is at position Ϫ1 with respect to the template, before the polymerase can continue the downstream synthesis. The length of the RNA is kept constant despite a nontemplated nucleotide being added at the 5Ј end, because the polymerase is supposed to terminate RNA synthesis by removing the last base (24) . A similar mechanism has been proposed for RNA initiation of Hantaan viruses (Bunyaviridae) (25) . According to this model, the replacement of the 3Ј-terminal G by C made in MG#6 should allow the LCMV polymerase to initiate at the very 3Ј end of the template without requirement for realignment. The lack of the 5Ј-end nontemplated G should result in the synthesis of an anti-MG#6 one nucleotide shorter than its template, and the shortening of the genome ends with continued replication. In contrast, the addition of a C residue to the 3Ј end of MG#7 would not be expected to have an impact in MG and anti-MG RNA sizes during replication mediated by the LCMV polymerase. These differences between the 3Ј ends of MG#6 and MG#7 might have contributed to the lack of CAT activity by MG#6. MG#7 is unlikely to be engaged in multiple rounds of replication (Fig.  1D ), but it exhibited wild-type levels of promoter activity (Fig.  1B) . These findings are more consistent with the view that the sequence change G to C in MG#6 altered the activity of the promoter and thereby its ability to drive synthesis of CAT mRNA and subsequent production of CAT activity.
Genomic and antigenomic viral RNA species with terminal deletions or nontemplated nucleotide extensions have been documented during persistent LCMV infections. These truncated RNAs have been proposed to be a new type of defective interfering genome that contributes to the establishment and maintenance of LCMV persistence (35) . It has been hypothesized that truncated RNAs are replication competent but are not used as templates for transcription (35, 36 ). An increased ratio of truncated to full-length RNAs would be expected to cause a decrease in viral gene expression. On the other hand, addition of nontemplated nucleotides could repair some truncated RNAs to full-length sequence, thus leading to a transient increase in virus gene expression. This hypothesis is compatible with the observation that LCMV persistence is characterized by cyclical changes in numbers of antigen-positive cells and production of infectious virus. A corollary of this proposed hypothesis would be that the arenavirus highly conserved 3Ј-terminal 19-nt sequence is not strictly required for initiation of replication. Nevertheless, by using our MG system we found that deletions affecting the 3Ј end of the MG resulted in a complete lack of promoter activity. One possible explanation for this apparent discrepancy between our data and the observations by Meyer and Southern (35) would be that truncated RNAs detected in LCMV persistence are continuously generated de novo from full-length templates by an unknown mechanism. On the other hand, we cannot rule out the possibility that cellular factors induced or modified by LCMV persistence could influence the activity of the virus polymerase in ways that are not recreated by our MG rescue assay.
The structure of a predicted panhandle formed between the 3Ј-and 5Ј-terminal genomic sequences has been proved to be strictly required for promoter function of several viruses. This is the case for orthomyxoviruses, like influenza (16, 19, 38) , and Thogoto virus (57) , where both 3Ј-and 5Ј-terminal sequences have been involved in the initiation of transcription. Terminal complementarity has also been shown to affect transcription and replication by VSV (58, 59) . In contrast to these examples, formation of a panhandle does not appear to play any role in the replication of RSV (15) or Sendai virus (56) . Our results indicate that in the case of LCMV, preservation of terminal complementarity is required for promoter activity. Lack of complementarity at two nucleotide positions within the predicted panhandle of MG#7 was sufficient to abolish promoter activity. Estimated free energy (⌬G) for predicted panhandles of MG#7, 3ЈT11AG13C, and 5ЈA11TC13G MG RNAs were very similar, suggesting that panhandle instability was unlikely to be the reason for the lack of promoter activity associated with 3ЈT11AG13C and 5ЈA11TC13G MGs. Moreover, the introduction of compensatory mutations in MG 3Ј5ЈT11AG13C/ A11TC13G did not restore promoter activity (Fig. 5) . Mutations within the 5Ј end of MG#7 could affect the ability of the antigenomic promoter and thereby the complete cycle of RNA replication (i.e., MG to anti-MG to MG). Ensuing decreased levels of MG production by the LCMV polymerase would result in lower levels of template for production of anti-MG RNA species. This, in turn, could introduce a confounding factor in our assessment of the influence of mutations within the MG 5Ј end on LCMV genomic promoter activity. However, as we discussed earlier, in our assay LCMV MG RNA replication is mostly restricted to one step of the full replication cycle. Therefore, both sequence specificity at the 3Ј and 5Ј ends together with structural constraints associated with the predicted panhandle formed between the 3Ј-and 5Ј-terminal sequences are critical for the activity of the LCMV genomic promoter. The presence of the IGR of the LCMV S RNA in MG#7 raises the possibility that the IGR could play an essential role in the activity of the arenavirus genome promoter. However, the activity of the Tacaribe virus genome promoter was not affected in a Tacaribe virus MG devoid of IGR sequences (33) .
There is an increasing interest in the potential of RNA as a new drug target (55, 61) . The apparent lack of sequence flex-ibility within the arenavirus core promoter, if validated, raises the possibility of novel antiviral strategies against arenaviruses based on the use of small molecules to target the predicted panhandle structure required for arenavirus promoter activity.
